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Abstract

Halide perovskites constitute a new class of semiconductors that hold promise for

low-cost solar cells and optoelectronics. One key property of these materials is the

electron mobility, which determines the average electron speed due to a driving electric

�eld. Here we elucidate the atomic-scale mechanisms and theoretical limits of carrier

mobilities in halide perovskites by performing a comparative analysis of the archetypal

compound CH3NH3PbI3, its inorganic counterpart CsPbI3, and a classic semiconductor

for LEDs, wurtzite GaN, using cutting-edge many-body ab initio calculations. We

demonstrate that low-energy longitudinal-optical phonons associated with �uctuations

of the Pb-I bonds ultimately limit the mobility to 80 cm2/Vs at room temperature. By

extending our analysis to a broad class of compounds, we identify a universal scaling

law for the carrier mobility in halide perovskites, and we establish the design principles

to realize high-mobility materials.
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The discovery of halide perovskites has ushered in a new era in photovoltaics and optoelec-

tronics research.1,2 Originally introduced as active layers for solar cells,3�5 organic-inorganic

lead-halide perovskites and related compounds have shown great promise for a diverse ar-

ray of applications, including photodetectors, light-emitting diodes, semiconductor lasers,

optical refrigerators, X-ray and gamma-ray detectors, photocatalysts, thermochromic win-

dows, metal-halide perovskite transitors, and thin-�lm �eld-e�ect transistors.6�13 The main

appeal of these materials is that they can be fabricated via solution process, yet they exhibit

outstanding optoelectronic properties, to the point that they have been designated as the

`�rst high-quality halide semiconductors'.14 In all these devices the carrier mobility plays a

central role. For example, it is a key ingredient of optoelectronic device simulators based

on drift-di�usion models. Furthermore, the photoconductive gain in photodetectors and the

cuto� frequency in thin-�lm transistors are directly proportional to the mobility. The cuto�

frequency is especially important for realizing GHz wireless connectivity.15

Further progress in the use of halide perovskites in electronics, optoelectronics, and en-

ergy will require us to understand and control the microscopic mechanisms that underpin the

optical and transport properties of these materials. While a broad consensus has emerged on

their optical properties,16 understanding carrier transport is proving elusive.17 For example,

measurements of the carrier mobility show striking variations among di�erent labs, rang-

ing from 0.07 cm2/Vs for room-temperature electron drift mobilities measured in thin �lms

of CH3NH3PbI3 prepared via spin-coating,13 to 67 cm2/Vs extracted from current-voltage

measurements on single-crystals of CH3NH3PbI3.18 Such a large variability in the reported

carrier mobilities has been ascribed to di�erences in sample morphology (single crystals vs.
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�lms), preparation routes (solid state vs. solution or evaporation), and measurements tech-

niques (e.g. Hall e�ect, time-of-�ight, THz conductivity, photoluminescence quenching).17 In

the face of this high level of uncertainty in the measurements, it is important to identify the

ultimate theoretically-achievable carrier mobility, and which materials parameters control

this limit, so as to set out clear guidelines for materials and device engineering.

In this work we turn to quantum-mechanical calculations in order to establish the ulti-

mate mobility of the archetypal organic-inorganic perovskite, methylammonium lead triio-

dide CH3NH3PbI3 (MAPbI3). There have been several attempts in this direction, but since

earlier calculations relied on empirical scattering rates19,20 or deformation potentials,21,22

these estimates carry the very same uncertainties that we seek to eliminate. At variance

with earlier work, we employ a recently-developed ab initio many-body computational tech-

nique which enables predictive, parameter-free, and accurate calculations of mobilities, with

deviations from the measurements as little as a few percent.23 This new tool allows us to

establish which atomic-scale mechanism dominates the mobility in halide perovskites, and

answer the question on why the mobility of MAPbI3 is orders of magnitude lower than

in inorganic semiconductors such as GaN. Using this understanding we propose strategies

to overcome the mobility bottleneck and illustrate the practical bene�ts of realizing high-

mobility perovskites.

Figure 1(a) shows the phonon-limited mobility of MAPbI3 calculated for a perfect, defect-

free bulk crystal in the low-temperature orthorhombic Pnma structure. In this structure

the MA+ cations (methylammonium, CH3NH+
3 ) have de�nite crystallographic orientations,

as shown in the ball-stick model of Figure 2(a). This model is accurate for the orthorhombic

phase of MAPbI3 (T =0-165 K), and provides a good approximation to the tetragonal

I4/mcm phase (T =165-327 K), where the MA+ cation spins around the C-N axis and

aligns along one of four preferred orientations in the ab plane.33�35 For the high-temperature

Pm3̄m cubic phase (T > 327 K), neutron scattering indicates that the organic cations

are rotationally-disordered,36 with preferential orientation along the [111], [100], and [011]
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Figure 1: Temperature-dependent carrier mobilities in MAPbI3, CsPbI3, and

GaN. (A) Average electron and hole phonon-limited mobilities calculated from the ab ini-

tio many-body Boltzmann equation for MAPbI3 in the Pnma structure (circles and solid
orange lines between 0-350 K) and CsPbI3 in the Pm3m structure, at the lattice parame-
ter of MAPbI3, between 250-500 K. The experimental data are from Ref.24 (circles, optical
pump-THz probe) and Ref.25 (triangles, ultra-broadband THz photoconductivity) taken on
thin �lms, whereas the �lled red symbols are taken on single crystals in Ref.26 (pentagon,
space-charge-limited current), Ref.27 (square, time of �ight), Ref.18 (diamond, dark current-
voltage) and Ref.28 (star, time of �ight). All calculations were performed without any arti�-
cial broadening, and therefore represent theoretical upper bounds. The vertical bars indicate
the boundaries of the orthorhombic, tetragonal, and cubic phases of MAPbI3 while the gray
numbers indicate the exponent for the temperature dependence of the three phases. (B) Im-
pact of energetic disorder and ionized impurity scattering on the ideal mobility of MAPbI3:
we compare the average of the phonon-limited electron and hole mobilities from panel (A)
(orange line) with that obtained after including a 13 meV broadening of the electronic states
(from the Urbach tail measured in Ref.29)(green line), and scattering by ionized impurities
at the concentrations 1014 and 1016 cm−3, from Ref.30 (black dashed lines). The impurity
scattering is calculated using the semi-empirical Brook-Herring model.(C) Electron mobility
of GaN as a function of temperature: present calculations (green circles and line) vs. mobil-
ities extracted from Hall e�ect measurements in Ref.31 (triangles). The theoretical electron
mobility of silicon is from Ref.23 (red circles and line) and the experiments (diamonds and
squares) are from Ref.32
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directions. In order to mimick orientational disorder we perform calculations for cubic CsPbI3

at the lattice parameter of MAPbI3, as shown by the ball-stick model in Figure 2(b). The

corresponding mobilities are reported in Fig. 1(a) in the temperature range above 327 K.

In Fig. 1(a) we see that the calculated electron and hole mobilities decrease with temper-

ature, from ∼500 cm2/Vs below 100 K to 28 cm2/Vs and 47 cm2/Vs at room temperature

for electrons and holes, respectively. These values constitute theoretical upper bounds, since

at this stage we are only considering electron-phonon scattering in the undoped, defect-

free crystal. Since our data correspond to intrinsic mobilities in bulk perovskites, the most

appropriate way to compare with experiments is to consider corrected Hall measurements,

time-of-�ight or steady-state photoconductivity measurements28,37,38 on MAPbI3 [red sym-

bols in Fig. 1(a)]. To extend the comparison throughout the entire temperature range, we

also consider transient THz data on thin �lms. When compared to THz photoconductivity

data on thin �lms24,25 we see that our calculations yield higher values, as expected, but a

similar temperature dependence. In fact, by �tting the calculated data in the temperature

ranges corresponding to the orthorhombic, tetragonal, and cubic phases using a power law

(aT b), we �nd that the mobility scales as µ ∼ T−2.26, µ ∼ T−1.37, and µ ∼ T−0.92, respec-

tively. The exponents determined here broadly agree with previous theoretical work based

on analytical models.20,39,40 In addition, our calculated temperature exponent in the tetrag-

onal phase agrees with the value of -3/2 obtained in the experiments.24 This power law was

previously attributed to acoustic-phonon scattering,25,37 but as we will discuss below the

dominant scattering mechanism is from polar phonons, in agreement with recent analytical

model calculations.20,41 At the tetragonal-to-cubic transition temperature (327 K) the mo-

bilities of the cubic CsPbI3 phase reach values of 68 cm2/Vs and 76 cm2/Vs for electrons and

holes, respectively. The increase with respect to the orthorhombic MAPbI3 structure is due

to sti�er optical phonons and smaller e�ective masses, as we show below. In Fig. 1(b) we

can see that scattering by charged impurities in MAPbI3 provides a negligible contribution

to the mobility at temperatures above 150 K; therefore, in the temperature range relevant
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Figure 2: Crystal structure, band structure, and phonon dispersion relations of

MAPbI3, CsPbI3, and GaN. (A-C) Ball-stick models of MAPbI3 in the orthorhombic
Pnma structure, CsPbI3 in the cubic Pm3m structure, and wurtzite GaN, respectively. For
the MA+ cations only the C and N atoms are shown for clarity. (D-F) Calculated GW band
structures of MAPbI3, CsPbI3, and GaN, for the models shown in (A)-(C). The valence
and conduction bands are shaded for clarity, and the band gaps and e�ective masses are
indicated. (G) Calculated phonon dispersion relations of MAPbI3 for the model in (A). The
lines highlighted in blue represent the LO phonons with strongest electron-phonon coupling.
(H) Phonon dispersion relations of CsPbI3, using the same color code as in (D). The soft
modes around the high-symmetry point R=1/2(1,1,1) (in reciprocal lattice units) do not
contribute to the mobility, as shown in Supporting Information, section 1. (I) Phonon
dispersion relations of wurtzite GaN. In this case we highlight in blue the LO phonons
around 89 meV, and the acoustic phonons leading to piezoacoustic scattering. We note that
the scales of the horizontal axes in D-F and G-I di�er; for clarity we indicate in each panel
the reciprocal lattice length Γ-X of orthorhombic MAPbI3 as gray bar.

6



for device operation, carrier transport in this system is predominantly phonon-limited.

In order to validate our present calculations we also show in Fig. 1(c) the calculated

electron mobilities of prototypical semiconductors for photovoltaics and LEDs: silicon and

wurtzite GaN. The latter exhibits an electron e�ective mass close to that of MAPbI3. Here

we see that the agreement with experiments is excellent for temperatures above 150 K.31

The deviation between our calculations for GaN and experiments at lower temperatures

relates to scattering by crystal defects, which we have not included. Overall this comparison

for silicon and gallium nitride demonstrates that our methodology is capable of delivering

highly accurate mobilities without using any empirical parameters. Based on our calculated

values for the orthorhombic and cubic phases in Fig. 1(a), we predict that the ultimate

average electron/hole mobility of MAPbI3 at room temperature lies between 30 cm2/Vs

and 80 cm2/Vs. Interestingly, the highest mobility measured on MAPbI3 single crystals,

67 cm2/Vs18 is already approaching this theoretical limit.

We now proceed to a detailed analysis of the mechanisms underpinning the mobilities in

Fig. 1(a). The calculations leading to these data were performed within the framework of

the ab initio Boltzmann-transport formalism, using the self-energy relaxation time approxi-

mation.23 The electron mobility tensor reads:

µe,αβ = − e

neΩ

∑
n∈CB

∫
dk

ΩBZ

∂fnk
∂εnk

vnk,α vnk,β τnk, (1)

where e is the electron charge, ne is the electron density, Ω and ΩBZ are the volume of the

crystalline unit cell and the �rst Brillouin zone, respectively. The sum is restricted to states

in the conduction bands (CB) with energy εnk, band index n and wavevector k. fnk is

the Fermi-Dirac function, and vnk,α = h̄−1∂εnk/∂kα is the electron band velocity along the

Cartesian direction α (h̄ is the reduced Planck constant). The relaxation time in Eq. (1) is
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given by:42

1

τnk
=

2π

h̄

∑
mνσ

∫
dq

ΩBZ

|gmnν(k,q)|2[(1 + σ)/2− σfmk+q + nqν ]δ(εnk − εmk+q − σh̄ωqν). (2)

Here gmnν(k,q) is the matrix element for the scattering of an electron from the initial state

|nk〉 to the �nal state |mk + q〉 via a phonon of branch ν, wavevector q, and frequency ωqν .

nqν is the Bose-Einstein occupation of this phonon, and σ takes the values ±1 for phonon

emission/absorption, respectively. The temperature enters Eqs. (1) and (2) via the Fermi-

Dirac and Bose-Einstein distributions. The mobility tensor for holes is obtained analogously,

by restricting the summation in Eq. (1) over the valence bands.

All the quantities entering Eqs. (1) and (2) are calculated entirely from �rst principles.

In particular the band structures include state-of-the-art GW quasiparticle corrections to

density-functional theory with spin-orbit coupling; the phonons are obtained from density-

functional perturbation theory (DFPT); and the electron-phonon matrix elements are eval-

uated from DFPT and ab initio Wannier interpolation, as described in the Methods section.

The scattering of electrons by all phonons, namely acoustic, optical, transverse, and longitu-

dinal modes is included without approximations. To capture both long-range and short-range

electron-phonon scattering with the same accuracy, the integrals are evaluated using ultra-

dense Brillouin zone grids.23 In principle we could go one step beyond Eq. (1) and evaluate

mobilities using the self-consistent Boltzmann equation. However, in systems with cubic

symmetry at low �elds, this usually leads to a modi�cation of the relaxation-time results by

5-10%,23 therefore we do not pursue this direction. In a recent paper,41 we established using

Feynman's model43 that the electron-phonon coupling in MAPbI3 leads to the formation

of large polarons with a radius between 62 and 81 Å, extending over more than 20 PbI6

octahedra. We therefore expect that these polarons should not have a strong e�ect on the

scattering matrix elements, and neglect their e�ect on mobility. Work on the impact of large

polarons on the mobility of perovskites is ongoing40,44�47 but remains an open question.
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Figure 2 shows ball-stick models of MAPbI3, CsPbI3, and GaN, and compares the respec-

tive GW band structures and phonon dispersion relations. MAPbI3 and CsPbI3 exhibit simi-

lar e�ective masses for electrons and holes: m∗e/m
∗
h = 0.18/0.21me vs.m∗e/m

∗
h =0.16/0.17me,

respectively (me is the free electron mass). From these values we obtain a reduced e�ective

mass in MAPbI3 of 0.098me, in close agreement with magnetotransport measurements yield-

ing 0.104±0.003me.48 The band gap of MAPbI3 is also in good agreement with experiments

(1.38 eV vs. 1.6 eV16), the deviation of 0.2 eV being in the typical range of GW calculations

(Supporting Information, section 3). In our calculations we do not include temperature

renormalization of the band gap since this e�ect is very small in MAPbI3 16,49 and the e�ec-

tive mass does not change appreciably with temperature.41 In Fig. 2(e) we see that the band

gap of CsPbI3 is considerably narrower than in MAPbI3. This e�ect relates to the absence

of octahedral tilts in the cubic structure, as already discussed in previous work.50 Moving to

GaN, in Fig. 2(f) we see that despite the much wider band gap, the electron e�ective mass

is very similar to MAPbI3 (0.20me), therefore it is appropriate to use GaN as a benchmark.

Additional data on the e�ective masses are reported in Supporting Information, Table S2

for completeness. From the phonon dispersion relations in Fig. 2(g-i) we see that MAPbI3

exhibits more branches that CsPbI3 and GaN; this is simply related to the larger unit cell

(48 atoms per cell as compared to 5 and 4 atoms/cell, respectively). In both MAPbI3 and

CsPbI3 the vibrational modes of the PbI3 network extend up to ∼15 meV. The additional

branches that can be seen for MAPbI3 in Fig. 2(g) around ∼20 meV are associated with

librations of the MA+ cations; these modes do not have a counterpart in CsPbI3. The soft

modes that are seen for CsPbI3 in Fig. 2(h) correspond to octahedral tilts, and are stabilized

by anharmonic e�ects.51 Since they have no e�ect on the carrier mobilities (Supporting In-

formation, section 1), we do not consider them when evaluating Eq. (2). In the case of GaN

we see that the highest optical modes reach up to ∼90 meV, as a result of the much lighter

masses of Ga and N as compared to Pb and I.

We are now in a position to analyze the origin of carrier mobilities in MAPbI3. Fig-
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Figure 3: Electron-phonon scattering mechanisms in MAPbI3, CsPbI3, and GaN.

(A-C) Spectral decomposition of the contribution of each phonon with energy h̄ω to the
electron scattering rate 1/τnk, for MAPbI3 (A), CsPbI3 (B), and GaN (C). The scattering
rates are evaluated for electrons at an energy 3/2kBT from the conduction band bottom, with
T = 300 K (see Supporting Information, section 2). The height of the peaks indicates the
contribution of each phonon (left vertical axis), and the integral

∫
(∂τ−1/∂ω) dω yields the

total scattering rate (right vertical axis). The dashed line indicates the cumulative integral of
the di�erential scattering rate. Acoustic scattering is negligible in MAPbI3 and CsPbI3, while
the dominant contributions are from vibrations corresponding to LO phonons, as indicated
by the peaks labeled 1-5 described in the main text and illustrated in (D-F). In the case
of GaN approximately half of the scattering rate arises from piezoacoustic scattering, as
shown by the peaks between 0-5 meV in (C). (D-F) Schematic representations of the atomic
displacements of MAPbI3 corresponding to the peaks 2-4 identi�ed in (A). (G-I) Same as in
(D-F) but for CsPbI3.

ure 3(a-c) show the contribution of each vibrational mode to the total scattering rate 1/τnk

in Eq. (2). The calculation of mobility in Eq. (1) requires to integrate over many electronic

states, however for the present analysis we can focus on the most representative scattering

rate (Supporting Information, section 2), which corresponds to states at an energy 3/2kBT
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from the band edge, with T = 300 K (kB is the Boltzmann constant). Let us start from

GaN and work our way back to MAPbI3. In Fig. 3(c) we see that in GaN the scattering rate

is dominated by piezo-acoustic coupling with phonons around 3 meV and by longitudinal-

optical (LO) phonons around 89 meV; these modes are shown by blue lines in the phonon

dispersion plots of Fig. 2(i). Moving to CsPbI3 in Fig. 3(b), we see three distinct peaks

contributing to the scattering rate (labeled as 2,3,4), as well as a small background contri-

bution. The three sharp peaks originate from LO modes of CsPbI3, namely the bending

mode at 2.3 meV (peak 3), the A-site displacement mode at 4.6 meV (peak 2), and the Pb-I

stretch mode at 15.8 meV (peak 4). The atomic displacements corresponding to these modes

are shown in Fig. 3(g-i). The background is due to acoustic modes and transverse-optical

(TO) phonons, but this contribution is much weaker than in GaN, since piezoacoustic scat-

tering in CsPbI3 is forbidden by inversion symmetry. Of the three peaks, the Pb-I stretch

mode dominates, and accounts for approximately half of the scattering rate. Moving now to

MAPbI3 in Fig. 3(a), we recognize distinct peaks around 4.3 meV and 14.4 meV (peaks 2

and 4), which are similar to the case of CsPbI3, only much broader. The broadening results

from the hybridization of the PbI3 vibrations with those of the organic cations,52 although

the character of the modes remains essentially unchanged. Around 3 meV we �nd a weak

Pb-I-Pb rocking mode (peak 1), and the A-site displacement mode is now at higher energy,

at 10.2 meV (peak 3). We also see a broad structure around 21 meV, which originates from

librational modes of MA+ (peak 5). The characteristic displacement patterns of three of

those �ve modes are shown in Fig. 3(d-f). Our Boltzmann transport formalism relies on

the assumption of harmonic phonons. The use of the harmonic approximation is justi�ed,

because the only anharmonic modes in the orthorhombic phase of MAPbI3 are associated

with the spinning of the MA cation around the C-N axis with an energy of 16 meV53 and, as

shown in Fig. 3(a), these modes have a negligible contribution to the scattering rate. Also

in the case of MAPbI3 the contribution of acoustic and TO phonons is essentially negligible,

and piezoacoustic scattering is inactive.
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Using this understanding we can explain why the mobilities in halide perovskites are more

than an order of magnitude smaller than in n-type GaN (30-80 cm2/Vs vs. 810 cm2/Vs at

room temperature, see Fig. 1). Since we established that in MAPbI3 the carrier mobility is

dominated by polar-phonon scattering, we can simplify Eqs. (1) and (2) to focus speci�cally

on the contributions arising from Fröhlich interactions. We already noted that the e�ective

masses of MAPbI3 are similar to the electron e�ective mass of GaN, therefore the possible

origin of the di�erence between GaN and MAPbI3 must reside in the scattering rates 1/τnk in

Eq. (2). A straightforward estimate shows that in GaN there are essentially no LO phonons

at room temperature (nqν = 0.03 for h̄ωLO = 90 meV and kBT = 25.7 meV), therefore

scattering via LO phonon absorption is extremely weak. On the other hand, electrons

within an energy h̄ωLO cannot emit phonons otherwise the �nal states would be inside the

band gap. Therefore, the electronic states that dominate the scattering integral due to the

Fermi factor ∂fnk/∂εnk ∝ exp(−εnk/kBT ) in Eq. (1) are essentially immune to LO-phonon

scattering. This e�ect accounts for the large electron mobilities observed in GaN. These

considerations cease to hold in the case of MAPbI3. In fact we now have LO phonons in the

range h̄ωLO = 5-20 meV. As a result, both phonon absorption and emission are allowed, and

the corresponding Bose-Einstein factors are large (nqν = 0.8-4.6). The electron scattering

rates are correspondingly much higher than in GaN, as seen in Fig. 2(a) and (c). Therefore

the large di�erence in mobility between MAPbI3 and GaN originates primarily from di�erent

phonon energy scales.

In order to place this reasoning on more quantitative grounds we developed a simpli�ed

conceptual model, obtained from Eqs. (1) and (2) by considering electrons with e�ective mass

m∗ interacting with a single LO phonon of energy h̄ωLO via the standard Fröhlich coupling

strength α. In Supporting Information, section 2 we show that, under these approximations,

the mobility depends only on two dimensionless parameters, a `polar mass' α(m∗/me) and a

`reduced frequency' h̄ωLO/kBT . Figure 4 shows a map of the mobility as a function of these

parameters. We see that high mobilities can be achieved when the polar mass is small and
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the phonon frequency is large. The complete analytical expression of the mobility in terms of

these parameters is given in Supporting Information, section 2 [see Eqs. (S6)-(S9)], however

to a �rst approximation this trend can be captured by the dimensionless scaling law:

µ/(eh̄/me kBT ) = [0.052 (h̄ωLO/kBT )3.3 + 0.34]/(αm∗/me). (3)

We called this relation a �universal scaling law" to highlight its broad validity across the

class of halide perovskites considered here, and its dependence on dimensionless scaling

parameters. Using this law, a sti�ening of the phonon frequencies by a factor of 89/13 '

6.8 (GaN/MAPbI3) leads to an increase in the room-temperature mobility by a factor of '

9.7. Furthermore, a reduction of the polar mass by 0.34/0.09 ' 3.8 (Supporting Information,

Table S2) increases the mobility by the same factor. These two e�ects combined fully explain

why the mobility attainable in MAPbI3 is ∼40 times lower than in a classic optoelectronic

material like GaN. We can estimate the accuracy of our calculations by noting that our

computed reduced e�ective mass underestimates the experimental value by 6%, and our LO

phonon frequency (see Table S3) overestimates the experimental value by 10%.54 These two

e�ects tend to cancel according to Eq. (3), and lead to an uncertainty of 6% in the mobility.

Guided by the universal mobility map in Fig. 4(a), we explored the possibility of tuning

mobilities in halide perovskites by anion and cation substitution. Naively one would expect

that by using lighter elements we would naturally move towards the right side of the map,

thus increasing mobilities. However, when we go from MAPbI3 to CsPbBr3 we �nd that

a slight increase in the phonon frequency is countered by a much heavier polar mass, and

the net e�ect is a slight decrease in mobility, in agreement with previous calculations based

on the Fröhlich model.39,40 Unlike this simpli�ed model, direct ab-initio calculations predict

a slightly larger mobility for CsPbBr3 than for MAPbI3 (see Table S3). This trend is in

line with recent time-of-�ight mobility measurements of MAPbBr3 57,58 that report a higher

mobility than for MAPbI3. The discrepancy between the single-phonon model of Eq. (3) and
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Figure 4: Mobility map of halide perovskites. (A) Calculated carrier mobility within
a model including Fröhlich electron-phonon scattering of carriers in a parabolic band. The
mobility depends only on the dimensionless parameters αm∗/me and h̄ωLO/kBT , where α is
the Fröhlich coupling strength, m∗/me the e�ective mass relative to the electron mass, and
ωLO the frequency of the LO phonon. The details of the model are provided in Support-
ing Information, section 2. The predictions of the model for MAPbI3, CsPbI3, CsPbBr3,
CsSnI3, CsSnBr3 and GaN are consistent with our complete ab initio calculations, as shown
in Supporting Information, Table S3. In this table we also report the parameters αm∗/me

and h̄ωLO/kBT used to locate the various compounds on the map. The horizontal coordinate
of each data point corresponds to T = 300 K, and the labels (e/h) indicate electron/hole
mobilities. The map shows that the key obstacle to achieving high-carrier mobilities in halide
perovskites is the very low LO phonon energy, and that one can circumvent this bottleneck
by reducing the polar mass αm∗/me, as in the case of CsSnI3. (B) Estimated photocon-
ductive gain (red) at 300 K of perovskite photodetectors and switching frequency (blue) of
perovskite �eld-e�ect transistors, compared to 105 and 0.9 THz for GaN, respectively.55,56

We use CsPbI3 at the lattice parameter of MAPbI3 to approximate the cubic phase of the
latter. The evaluation of these performance metrics is discussed in the Methods section.

the complete calculation highlights the importance of considering a multi-phonon Fröhlich

coupling for an accurate description of halide perovskites,41 as can be seen in Fig. 3(a)

and 3(b). In addition, the substitution of Pb by Sn appears to be very promising, as the

polar mass decreases substantially, while the reduced frequency remains almost unchanged.

These �ndings indicates that Sn-based halide perovskites or mixed Pb/Sn halide perovskites

should be considered as primary targets in the quest for more e�cient materials for halide

optoelectronics.

As an illustration of the bene�ts of realizing high-mobility halide perovskites, we show in
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Fig. 4(b) how two �gures of merit for photodetectors and thin-�lm transistors, the photocon-

ductive gain and the switching frequency, vary across the map of Fig. 4(a). It is clear that the

realization of stable Sn-based perovskites, mixed Pb/Sn perovskites, and their derivatives,

could lead to an order-of-magnitude increase in these performance metrics over Pb-only com-

pounds, thereby opening entirely new opportunities in solution-processable optoelectronics.

In summary, we developed the �rst complete non-empirical theory of carrier mobilities

in halide perovskites. We demonstrated that the maximum achievable carrier mobilities

in these materials are set by the Fröhlich electron-phonon coupling associated with the

stretching motion of the Pb-I bonds. By performing a comparative analysis between halide

perovskites and standard inorganic semiconductors, we established that the relatively low

mobilities observed so far in these materials result from the very low frequency of the Pb-I

vibrations, which leads to signi�cant thermal activation of phonons at room temperature.

More generally, we identi�ed a universal scaling law that underpins carrier transport in these

compounds, and we proposed a mobility map to rationalize the transport properties of all

halide perovskites. Our study will serve as a simple conceptual framework to understand the

theoretical performance limits of these compounds, and to guide the design of new materials

and devices for perovskite optoelectronics.
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